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Logging and other mechanized forestry 'gies often lead to@

compaction, which can reduce seedling an dual tree growt
promote surface erosion. The exten &these impacts is | a
function of the initial soil characteriNcs, the amount :& e of

forces applied, and the resulting depth‘of c
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As with food crop production in the last few decade %er productlon
inrecert years has become increasingly dependent ongnec zed equ1pment
Many common forest management practices, fro
vest, now involve some type of heavy machin
improves the time- and cost-efficiency of the
machinery on the forest site, however, can sig antl r ome

soil properties and produce both onsn@ offsnsi' cts on
related resources.

Soil compaction is one commo sequ the use of
machinery on forest sites. The imp @ soil ction on these
sites include the reduced gro t eedhéé resi ees and, in some
cases, increases in surfac ion. practices and site

conditions are extremely va ble r T pacts do not always
occur, nor are the i %ﬂ they cur. Further, when the
potential for soil ¢ ion e certai gement practices can be

used to prevent orr ated i

In the f dlSC escrlbe more fully the nature,
effects, an ity o, o st 501 mpaction. We will also describe how
soil com s rec 1yed ag ured, and we will discuss management

com &@ problems.

tive
and a al mat:

oil is typically a mixture of mineral particles, plant
, water, and associated nutrient elements. Less than half

vol f soil in a physical condition favorable for most plants is

% materi h the rest being pore space containing varying amounts of
and (flgure 1). Soil pore space originates from a number of
lmpo urces. Much of it results simply from the tiny cracks and crevices

that ar found naturally between individual soil particles and between
aggregates of soil particles. Additional pore space results from channels left
by earthworms, burrowing animals, decaying plant roots, and the freeze-
thaw and wet-dry cycles of the soil.
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A compacted o S & s'%crease density (dry soil weight per

s, viPsation, or,
forces actin the s c®n origi rom many sources, from foot traffic
to the ressu@ er the@e ls or tracks of heavy machinery. Since
force pushes together the particles and ag-
arger nnel cropores (figure 3), through which air and water

unit volume, usugsexpresse@ gra cubic centimeter of soil) as a
result of applfe ds, re (figure 2). These compactive
al soil% neral prtiCles are generally rigid and resistant to
densi omp usually occurs at the expense of soil pore
ypic@ na
ngates 0\5'(}1 , effed filling or compressing many of the existing
%fm por@ ;@s most easily affected in this way are the
a
® m nt is u% ly unrestricted and rapid, and which generally provide
& g e Vi@i ent for root growth. These qualities can be changed when
mpac f(\ uces this large pore space, leading to many of the problems
\

nked to soil compaction.

QQomm h
5\@ degree of compaction that occurs in any given area is influenced by
\w actors related to the soil and the forces applied to it. Among the most
ortant are the amount and type of pressure and vibration applied, the
depth and nature of the surface litter, the soil texture (the dominant size
classes of mineral particles) and structure (the nature of the clods of
individual particles), and the soil moisture level during compaction.
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Estimates of standing ground pressure created by a person, horse, and
several types of logging machinery show a wide range of values (figure 4). The
relatively high values for people and livestock are the result of their weight
being concentrated on a small area under the feet or hooves. But standing
ground pressure does not necessarily indicate the degree of compaction that
can be expected. Differences in vibration, dynamic pressures during loaded
movement or turning, or the total ground area affected can produce relative
compaction levels that do not correspond to the differences inAtanding
ground pressure between animals or equipment types.

Another important equipment related factor that influe es e degree
of soil compaction that occurs is the number of trips made ove en area of
ground. Generally the greatest density changes occur d@ the first few
equipment passes, with progressively smaller increasqi‘le fter (figure 5)

Site characteristics and the capacity and design of machinery used w
sary to accom

any specific task

When similar compactive forces are ﬂied to different
observed density increases are closely relasgd 1§ the initial physical rtles
of the soils. Less compaction typical s, f 'e)gample élls with
strongly developed structure and high gth A tens;@_ me resist-

normally dictate the number of equipment pass

ance to soil compaction is 51mllar nd w ck laye surface litter
provide cushioning against com e for é, aryin M water contents
provide cohesion, lubricatio % 0 adj i&oil particles and
aggregates. Compactlon or i@d at certain moisture
levels. The soil m01stu aximum or minimum
compactibility, how (&uer soil characteristics and

the compactive fo E es p11 o
V Rubber
@ Tire
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O
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Figure 4. Approximate standing ground pressure of a person, horse, and
several types of machinery.
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Figure 5. Effect of number of passes of lo g u1pment on soil
density in study area on the Mount Hood Fores‘ (averag
inch soil dept

Soil compaction can persist for d%@ orit Q&‘@lgmﬁca@& reduced

within a few years under favorablg ¢ wit @ %ctive plant
roots, soil organisms, or regul wet-%sycles are most
rse-té% d soils with rela-

than fine-textured

likely to quickly recover fro
tively weak soil structure al to rec ore Q
soils. Unfortunately, th ate cli nd pa&n?u ar soil types common

to the Pacific Northw to@ y slow rates of recovery
from compactlon v @&

@ e s o) Compaction
e grg coq of land managers is the potential for

ity in cted areas. Many studies have shown that
c ten h %'laracteristics that are generally considered
. These characteristics include high bulk density

ion, and drainage. Root penetration and growth is
% ten d i ilof high density, since the relatively high strength of
hes ical resistance to expanding root systems. Supplies of

rients that roots need can also be unfavorably changed

ter, an%
<Eam compactepn decreases soil porosity and drainage. In lowland areas,
t Q

er llect on and near the surface of slow draining compacted
soil reducing air movement to roots.

casurements of reduced tree and seedling growth on compacted soils

show that significant impacts can and do occur. Seedling height growth has

been most often studied, with reported growth reductions on compacted soils

from throughout the U.S. ranging from about 5 to 50 per cent. In studies of
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residual tree growth in thinned stands in the Pacific Northwest, overall
volume growth response in stands with compacted soil was reduced by 5
to 15 per cent. Individual trees, however, showed growth impacts that
ranged from O to about 40 per cent. Similar growth impacts have been
observed for commercial-sized trees in unthinned stands established on
compacted soil.

Soil compaction can clearly reduce the growth of seedlings and trees, but
the many factors that influence compaction and its resultmg im make
the estimation of expected growth losses on any given comp, @area a
complex problem. For example, seedling height growth losses arently
vary with the amount of increase in soil density following con\p®etion (figure
6). As indicated earlier, the increase in soil density th \MITS in an area 0
depends upon a number of important soil, site, and qu dg¥characteristics.

Other important soil and site conditions that aff§gf the degree of grow O “
impact resulting from compaction include the de he compacted 1
the area of tree or seedling roots affected by ¢ p on, and the natu
of recovery of the soil from the compacted cghdjtion. For example per
the extent of compacted soil and affected goo\ng zone, the grea onger

will be the growth impact *
Compaction depth is often qui@riabl Qh wit d between
different sites, but the most seve% i @sually fQdpd within a few
inches of the soil surface (figuh\r n bel his level normally

decreases with depth, and it iNgenerally ible b 18 inches. Most of
the fine nutrient- and w Ol'bl roq]i' found in the surface
su

soil layers where compa a IS. %

Since tree root ot epth so in area, the potential for
growth impact alSo jecomgs, ter as paction affects more of the
rooting area. In nne , for le, you can expect the greatest

25 50 75
Percent Increase in Soi) Density

\Q‘
BN

Figure 6. Relationship between increases in forest soil bulk density and
the height growth of tree seedlings (based on field studies of a variety of
tree species, soil types, and locations).
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growth impacts in residual trees that closely border major skid trails or that
have been subject to traffic on more than one side of the stem. The natural
rate of recovery of a compacted soil will also determine whether related
growth impacts are to be short-lived or persistent. Long term impacts are
likely for many forest soils in the Pacific Northwest, since it was earlier
indicated that slow recovery from compaction seems to be common here.
Besides the significant effects of soil compaction on tree and seedling
growth, compaction also bears some important relationships to sur,
runoff and erosion that can also be of concern. Reduced mflltratr
drainage from compaction, for example, can lead to surface runo en
rainfall intensities exceed the infiltration capacity of the soil. This r?&f can
concentrate in or near existing roads, adding to the stresses a laced
upon the drainage systems designed for those roads. paction is
extensive, increased surface runoff may also increase st %tﬂows in small
headwater streams, raising the potential for such probl@ hannel scour.
Soil erosion can also result when surface runoff heavy and rapl

enough to carry away soil particles. Erosion ca ease site productiv
from the loss of fertile surface soil, and the sed%t produced can da \

fish habitat and general water quality. The s caygéd by ero

the relationships between erosion and com on o 3 t lan, drs-

cussed in greater detail in another Paci orth nsron ication,

Impacts on Forest Practices on Surfa 195 4980).
Recognizing an ; paction

Heavily compacted n oft readrl ognized in the field.

These soils are usually fr 1t to&rate ap{] xcavate with a shovel or
spade, particularly ey asg dix.* Engin€ety have long recognized that
l

compaction mcr str they fonally compact road sub-

grades and bui oun j forr ﬁ‘ stability. The individual clods

excavated fr il are n large and difficult to break up.

When the p, ho(?ﬁ they often fracture into flat, platy

pieces t b@ orien allal soil surface. This platy soil structure is

qurte nt gra crumb structure commonly found near
f

e
ce 0 ore (frgure 7). Altered structure and reduced
ge inc cted S, an also lead to the appearance of surface runoff
e pr of s g water, even during periods of relatively dry
ather
re l soil often found in compacted areas such as skid trails
good, or seed germination. Young plants and tree seedlings are
%1 ant ig~gany of these areas as a result, but compaction often inhibits
her evelopment. Therefore, another potential indicator of severe
comm 1s the presence of stunted plants or tree seedlings.
ile general field observations can be useful in recognizing severe
compaction problems, measurement of actual changes in soil density permits
the detection of less obvious levels of compaction. This also gives a better
indication of some of the potential impacts of compaction, since the
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@ structhften found in compacted soils. b) Granular
s@ typlc the mineral horizon of productive forest soils.

%easure nts can E hed to a relationship like that shown in figure 6.

ores 1vel sturbed soil have been most often used to measure soil
nd c tion. Knowing the volume of each collected core sample,
n cal the soil bulk densities after drying and weighing the cores.

valua density and compaction. This device is based on the principle
tha a¥material becomes increasingly dense, the ability for radioactivity to
@hrough it will decrease. Major advantages of this type of equipment
t the measurements average a relatively large volume of soil and can be

t¥ken directly in the field without removing any soil.
Since compaction often alters soil physical properties in addition to bulk
density, other measurements can be made to detect compaction and to
evaluate possible related impacts. For example, changes in drainage can be

8
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determined with infiltration measurements in the field or in the laboratory
with collected soil cores. This procedure involves the application of known
amounts of water to the surface of the soil or soil cores and measurement of
the time needed for the water to move into the soil.

A device called an air permeameter can be similarly used to measure the
resistance of the soil to air movement. The increased soil strength that usually
accompanies soil density increases can be determined in various ways to also
provide an index of compaction. Probably the simplest device to use is .
hand-held soil penetrometer, which measures the amount of force nee %
penetrate the soil with a standard probe.

You can take penetrometer measurements quickly and easil ich
makes it particularly effective for large or multiple survey ever,
penetrometer readings need to be calibrated for differentysoil\fpes and
moisture levels to provide useful information. Q

Considerations for Managqg
formidable tasks\

The problem of forest soil compaction presentShw
the land manager, estimating the impacts and E e

operations and determining effective and econ

these impacts and costs. There is currentl%) ely,a

f avai

the \ous @ﬁs should
Several management alter exist ini %&he impacts of
forest soil compaction. On ucin paction problems
resulting from timber harve& as b place scound-based operations
with skyline or even hel te systc 1l im are usually minor with
these systems, but on, %Opl int % of cable oraerial logging
can be more than at o As a result, most forest
managers are attgmpyNng to w@e coétlon while continuing the use of

nage;‘have us 11 moisture information to control
el

accomplishing these tasks, but careful
natives and information like that
generate some useful approaches.

compac round d equipment operations to periods of
“favo s{; s. pproach developed from observations in
o i % t sho at intentional compaction with specially

m@ fective at a specific moisture content that is

ind this approach is reasonable, but its practical

y presents a number of important problems. For
m moisture content for compaction shifts with different
s on H, so the soil reacts differently to compaction machinery
cothpare g&' uipment commonly used in forestry. Thus the observations
and g\é«es in road engineering cannot be directly applied to forest
operatioms. This has been verified in recent studies that show poor relation-

ships between the results of the laboratory test commonly used to establish
moisture restrictions in forestry (Standard Proctor Engineering Test) and the
actual compaction resulting from the use of logging equipment.
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Relationships between soil moisture and the compaction caused by
forestry equipment will probably become better understood, but other
problems exist in the use of moisture-based restrictions. One major difficulty
is the prevailing variety of soil and equipment characteristics, which generally
requires each soil type and operation to be evaluated independently. Soil
moisture content is also often highly variable on any given site, presenting
problems related to the procedures and equipment used to measure moisture
and apply moisture-based restrictions. Another difficulty is that thege restric-
tions can severely limit the operability of sites with soils that re @‘hlgh
moisture levels throughout the year. In such cases excessive c result
from delayed or eliminated forestry operations.

Y;)und based

A more promising approach to soil protection d
logging is the use of a designated skid trail systegp to it the area of O
compacted soil. This technique can restrict compact%to 10 per cent or le
of the land area, which is considerably lower tha - to 35- per cent

area normally found following conventional legghg’operations. Addjti
benefits are possible when permanent traj ¢ established in r&ed
not increase the x%‘ skid
(4 opera fh young

forest, since repeated equipment entriesw

trails. The use of designated trails \

conifer stands has been shown to be e m1cal f1c1 e trees are
felled to the lead of evenly spac%alls ogs a 1nched to the
skidder (figures 8 and 9). Topo uj t, an rd conditions will
affect the design and su1tabl$t f des d traj ems, but in many

situations this method shg duce rough the significant
reduction in compacted €

Another closebg d mar&@ent a ch for reducmg compaction
problems that r om is to establish in the logging
contractape §or area ‘E an be covered by skid trails. This

provi

obv1ously ges p gstems and the use of techniques
C mg, e flex1b111ty that may be needed to deal

nge mg an rator situations. Area percentage limits

succe used. Several years as a tool for managing com-
Or t. Hood National Forest.

mac y produces forces that cause soil compaction,

in eq 1 nt design may help reduce compaction problems.
nd-pressure, torsion-suspension logging vehicles have

ilable, and some land managers have recommended or
%Eto minimize compaction. Unfortunately, little research has
to compare the compaction and related impacts caused by
QOIow-pros and by conventional logging vehicles. Results of the few

*studies show that the low-pressure vehicles produce somewhat less
ion than conventional harvesting equipment, but it remains to be
whether these differences are large enough to produce significant
ntrasts in tree growth and other specific site impacts.

Thealternatives for minimizing soil compaction problems that have been
covered thus far are generally preventative measures. Where the soil has
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&QigureQ@Desi\ skid trail system with trees felled toward the lead
A\

of the trails.

practice has been successfully applied on agricultural lands

for mawy Years, and it is possible that similar results can be achieved from
properly applied tillage of compacted forest soils (figure 10).

Some organizations are already requiring that ground-based forestry

operations be followed by the tillage of vehicle trails. The costs of these

11
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Figure 9. Line-pulling and wi & can u%ed to minimize
ment
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Figure 10. Tillage of major skid trails following logging operations can
help alleviate compaction problems.
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Figure 11. Brush blades are ¢ used age & pacted soils,
but their ef fecés need stud@

treatments can be qu1 nable \Clally ?the vehicles used in the
original operatlon ed t tlllag tments (figure 11). More
research is neede @ erml e er tillage with conventional
rock ripper t et brus € ectlve technique for restoring
) compacte

ap IMizing - compaction problems can be

equ fe}1ve an the many soil, site, and forest conditions
encch . IdeallJsoil icultural specialists should examine each
mons ermine the relative likelihood and expected

ctlon
ger operatlons engineers can then apply appropriate

to determine whether preventative or restorative
mea res are ed and, if so, which measures are most suitable. This

;Q ch shp ead to the establishment of effective and well-defined
Qj lme r managed forest lands.
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